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Atmospheric Rivers Impacting Northern California
Exhibit a Quasi-Decadal Frequency
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• T
 he frequency of atmospheric rivers
over Northern California exhibits a
pronounced quasi-decadal cycle
• Cyclical variability in the tropical
Pacific accentuates or weakens
the Aleutian Low–impacting
atmospheric river frequency
• This analysis provides metrics for
improving decadal prediction of
atmospheric rivers and regional
surface hydrology
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Periods of water surplus and deficit in Northern California follow a pronounced quasidecadal cycle. This cycle is largely driven by the frequency of atmospheric rivers (ARs), affecting
the region’s wet and dry periods. Our analyses demonstrate that the quasi-decadal cycle of AR
frequency relies on moisture transport associated with the position and intensity of the Aleutian Low.
In observations, the Aleutian Low is shown to covary with tropical Pacific sea surface temperature
anomalies. A modeling experiment, which incorporates ocean observations from the equatorial Pacific
into the fully coupled climate model, provides support that the quasi-decadal cycle of the Aleutian Low
is forced by the tropical Pacific. Subsequently, the tropical Pacific modulates the wet season moisture
transport toward California on decadal time scales, affecting AR frequency. These results provide metrics
for improving interannual-to-decadal prediction of AR activity, which drives hydrological cycles in
Northern California.
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STUIVENVOLT-ALLEN ET AL.

In Northern California, much of the precipitation and surface
water comes from atmospheric rivers–corridors of moisture transport from the tropics. The frequency of
atmospheric rivers is cyclical, with periods of water surplus and deficit in the region that repeat every 10–
17 years. While many social and political factors influence water resource distribution, understanding the
climate factors that regulate water availability is important for managing water in the future. Using data
from observations and modeling experiments, the pronounced wet/dry cycle in this area of the Western
United States is mainly attributed to regular fluctuations in sea surface temperatures in the tropical Pacific
Ocean. This analysis provides a potential source of predictability for atmospheric river frequency, and thus
water availability, years before a winter season.

1. Introduction
Water resources along the Pacific Coast of the United States are closely tied to the frequency and magnitude
of cold-season precipitation associated with atmospheric rivers (ARs) (M. Dettinger, 2011). ARs transport
large amounts of moisture from the tropics to the poles and have been studied extensively on seasonal to
annual timescales for their “drought busting” characteristics and potential flooding hazards (M. D. Dettinger, 2013; Gershunov et al., 2017; Guan et al., 2010). While the seasonal to annual variability is important
for surface hydrology a recent study in the Emerald Triangle region of Northern California (Trinity, Mendocino, and Humboldt counties, Figure 1a) showed that longer scales, within a 10- to 17-year range, are the
most prominent feature in the region’s surface and atmospheric moisture, stimulating interest in understanding the source of this cycle (Morgan et al., 2020). Dettinger and Cayan (2014) have also documented
pronounced 15-year variability in ARs and precipitaiton for the California Delta, highlighting that low-frequency variability is likely an integral part of the region's water cycle (Dettinger, 2016). These low-frequency
cycles are referred to as quasi-decadal owing to their almost 10-year period. While the quasi-decadal cycle in
atmospheric and surface moisture was prominent in this sub-region of Northern California, one objective
of this research is to determine if the quasi-decadal cycle is a common feature for the rest of Northern California (the area used for tracking the coastal entry of Northern California ARs is shown in the black box on
Figure 1b along with topography). Additionally, because low-frequency atmospheric variability is largely affected by ocean variability, our other objective is to evaluate the ocean’s role in influencing this quasi-decadal cycle and identify which component of the climate system maintains the quasi-decadal variability in ARs.
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With a few exceptions (Dettinger & Cayan, 2014; Gershunov et al., 2017; Guirguis et al., 2019), AR literature
focuses on relatively short time scales. This can largely be explained by the short history of high-resolution
climate data to analyze the frequency and characteristics of ARs and regional precipitation. These studies
have highlighted three patterns of extra-tropical atmospheric circulation that affect interannual cycles of AR
frequency during the wet season (November through March; Figure 1c): The Pacific North American (PNA)
pattern, the North Pacific Oscillation (NPO), and the North American Winter Dipole (NAWD). These seasonal climate patterns can oscillate between positive and negative phases, in which the location of the pressure
anomalies is maintained, but the sign of the pressure anomaly is reversed. The negative phase of the PNA
pattern has been associated with enhanced AR activity in the Pacific Northwest, due to the negative pressure
anomaly just offshore of the western U.S. (Guan et al., 2013; Guan & Waliser, 2015; Mundhenk et al., 2018).
The NPO, characterized by a meridional pressure seesaw in the North Pacific, enhances moisture transport
toward the central Pacific Coast (encompassing the Emerald Triangle region) during its negative phase (Tan
et al., 2020). The last notable pattern is the NAWD, with a positive phase that is characterized by an amplified
ridge over western North America and an amplified trough over the eastern part of the continent during
the boreal winter (Wang et al., 2015). The NAWD strongly influences California’s precipitation variability
(O’Brien et al., 2019; Wang et al., 2017), but has not been studied directly with ARs and has not been studied
for any cyclical behavior. Due to their known relationship with northern California precipitation and ARs,
these extratropical patterns are analyzed as potential contributors to the quasi-decadal cycle.
Atmospheric oscillations over long periods are heavily influenced by ocean variability (Patricola et al., 2020).
Many previous studies point out that the El Niño Southern Oscillation (ENSO) impacts AR orientation, frequency, and intensity on interannual timescales (Bao et al., 2006; Guirguis et al., 2019; Higgins et al., 2000;
Payne & Magnusdottir, 2014; Ryoo et al., 2013). On longer timescales, however, there is still uncertainty
about the role of decadal ENSO or ENSO flavor (Timmermann et al., 2018) and how it affects AR activity
(Guirguis et al., 2019; Kim & Alexander, 2015). While the positive Pacific Decadal Oscillation (PDO) enhances AR activity for the Northeastern Pacific (Gershunov et al., 2017; Liu et al., 2016), its dominant cycle
of 30–50 years (MacDonald & Case, 2005; Newman et al., 2016) does not compare with the quasi-decadal
cycle in AR frequency over the Emerald Triangle. The last pattern of ocean variability we analyze is the
North Pacific Gyre Oscillation (NPGO) which modulates water vapor transport to western North America
and is characterized by strong decadal variability (Liu et al., 2016; Lorenzo et al., 2008).
To evaluate the quasi-decadal cycle in ARs, it is important to have data with sufficient length to account
for the reduction in degrees of freedom when looking at decadal variability. Additionally, tracking ARs
requires data with a sufficient representation of tropospheric moisture and winds to capture the features
and frequency of ARs. To satisfy these requirements, we adapted an AR tracking method from Gershunov
et al. (2017) and produced a frequency record of ARs reaching coastal Northern California that spans more
than seven decades. While a longer record of ARs is desirable, the lack of observational data before the
mid-twentieth century reduces the reliability of atmospheric moisture and wind data in reanalysis (Hersbach et al., 2015; Slivinski et al., 2019).
To identify the ocean and atmosphere’s influence on the quasi-decadal cycle, we evaluate the contributions of
atmospheric teleconnection patterns and ocean variability in the Pacific toward AR frequency during the wet
season (November through the following March). These months account for more than 80% of the region’s
annual precipitation and are the most common months for landfalling ARs (Figure 1c) (Guirguis et al., 2019).
First, we show the relationship between ARs and the ocean in observations. To validate the results of observations and provide potential primary forcing mechanisms, we make use of a climate modeling experiment
with the fully coupled Community Earth System Model (CESM). Literature focused on decadal variability
and impacts to extra-tropical atmospheric circulation in the north Pacific has often highlighted the tropical Pacific as a primary forcing (Di Lorenzo et al., 2010; Johnson et al., 2020; Rodgers et al., 2004; L. Wu
et al., 2003). In particular, decadal components of ENSO variability have shown a strong relationship with
precipitation and temperature variability in western North America (George & Ault, 2011; Wang et al., 2011).
Through a three-dimensional assimilation of observed sea surface temperatures and salinity from the tropical
Pacific alone, the CESM allows us to evaluate the role of the tropical Pacific in the quasi-decadal cycle and discuss the important climate features for modulating low-frequency variability in ARs for the entire Northern
California region.
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Figure 1. (a) County map of California with the Emerald Triangle (Humboldt, Mendocino, and Trinity counties) shown in green. (b) Topographic map of
Northern California with the black box indicating the area used for atmospheric river (AR) tracking. (c) Histogram of monthly precipitation from 1950 through
2020 in the boxed region from panel b.

2. Data and Methods and Model Experiment
2.1. Observational Data
Monthly precipitation (1890–2019) and soil moisture data (1948–2019) at 1° resolution were provided by the
Global Precipitation Climatology Project Centre version 6.0 (Schneider et al., 2014) and the NOAA Climate
Prediction Center (Fan & Van Den Dool, 2004), respectively. Streamflow data comprising the standardized
average of 11 gauges within the Emerald Triangle with consistent records for at least 65 years in the United
States Geological Survey (Morgan et al., 2020). Available climate indices (PNA, NPO, Niño 1 + 2, Niño
4, PDO, and NPGO) were obtained from the NOAA Physical Science Laboratory (https://psl.noaa.gov/).
The NAWD index was calculated following Wang et al. (2014) by subtracting the area average of 300 hPa
geopotential height anomalies at the center of the ridge location (132.5°–137.5°W and 47.5°–52.5°N) from
the 300 hPa geopotential height anomalies at the eastern trough center (77.5°–82.5°W and 57.5°–62.5°N).
The monthly sea surface temperature (SST) data spanning 1948 to 2019 was provided by the Japanese Meteorological Agency’s Centennial In-Situ Observation Based Estimates (COBE) SST at 1° resolution (Ishii
et al., 2005). Monthly and 6-hourly three-dimensional atmospheric variables, such as geopotential height
(GPH), specific humidity, and horizontal winds come from the National Center for Environmental Prediction’s Reanalysis (NCEP R1) from 1948 to 2019 (Kalnay et al., 1996). Results in NCEP R1 are compared with
the Japanese Meteorological Agency’s reanalysis (JRA-55) at 1.25° x 1.25° resolution (Ebita et al., 2011).
The wet season is defined as the average from November through the following March with the year corresponding to the year during January. All observational data are processed as anomalies from the 1981–2010
climatology with the linear trend removed to minimize any climate change signal.
2.2. AR Tracking
Slight changes in tracking methodology and the definitions of an AR can result in different frequencies and
characteristics from automated AR detection (Rutz et al., 2019). To account for this, and produce a reliable
STUIVENVOLT-ALLEN ET AL.
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and long-term index of ARs over northern California (125°–122.5°W and 37.5°–42.5°N), we adapted a tracking algorithm from Gershunov et al. (2017) with insight from Rutz et al. (2019) to be used in the NCEP R1 at
6-h intervals. AR detection was based off of absolute thresholds, which is the recommended form of tracking for analyzing the relationship between ARs and large-scale atmospheric patterns (Rutz et al., 2019).
These thresholds require minimum values of integrated vapor transport (IVT) at 250 kg1 m−1 s−1 and total
columnar integrated water vapor (IWV) at 15 mm. These thresholds filter out the background state and
highlight anomalously high values of IVT and IWV that are uncommonly seen without AR conditions.
IVT and IWV computations require the zonal and meridional components of wind at pressure levels from
1000 to 300 hPa, specific humidity, and surface pressure. To ensure that the threshold values over Northern
California are part of a larger corridor of enhanced vapor transport, counting an AR also requires a length
requirement in threshold values of IVT and IWV. Geometric requirements for AR detection were limited
to the length of the event, requiring at least 2500 km of continuous threshold conditions of IVT and IWV.
These threshold conditions were evaluated at the Northern Californian coast as the entry point for landfalling ARs in the region and then their characteristics were traced back, grid point by grid point until IVT and
IWV conditions were not met.
NCEP R1 has been shown to have biases in atmospheric vapor transport, but the temporal variability of
atmospheric vapor transport is accurate for well-observed regions (Gutowski et al., 1997). To ensure AR
tracking in NCEP R1 is accurate, we compared results from our tracking with results from the Atmospheric
River Intercomparison Project’s (ARTMIP) published Tier One Catalog for the same region and season
(Shields et al., 2018). These ARTMIP tracking routines were performed in the Modern-Era Retrospective
analysis for Research and Applications 2 (MERRA) reanalysis data at 0.5° x 0.625° resolution, providing a
test of how well the relatively coarse resolution of NCEP R1 can replicate annual frequency characteristics
of ARs. While the NCEP R1 tracking was done over six-hour intervals, ARTMIP tracking was done over
3-h intervals. To account for this discrepancy, we used the ARTMIP algorithms which required a minimum
time (12–18 h) for threshold values of IVT or IWV (or both) to classify an AR. In Figure S1, highly coherent
interannual variability is found between the developed tracking algorithm and the results from ARTMIP’s
Tier One Catalog (r = 0.80 for the overlap period from 1980 to 2017). The annual AR frequency magnitudes vary significantly between NCEP R1 and the ARTMIP mean, which is unsurprising as there are similar differences in AR frequency magnitude between different algorithms within ARTMIP as well (Shields
et al., 2018). To provide a second layer of verification that extends beyond the satellite era, the wet-season
frequency of ARs was correlated with soil moisture, and precipitation for the tracking region (125°–122.5°W
and 37.5°–42.5°N) and streamflow from the Emerald Triangle. A strong relationship between AR frequency,
surface moisture, and precipitation shows that the AR frequency time series is physically meaningful for
wet-season hydrology (Figure S2). Disparities in AR characteristics from tracking have been explored in
other research (Shields et al., 2018) while this project is focused on interannual-to-decadal variability in
frequency.
2.3. A Climate Modeling Experiment
Observational data is a useful tool for evaluating the relationships between the ocean and atmosphere—but
modeling experiments can be particularly helpful for identifying the primary forcing mechanisms. Numerous studies have found the tropical Pacific Ocean to be the source of decadal variability (Di Lorenzo
et al., 2010; Rodgers et al., 2004; S. Wu et al., 2011)—stimulating interest in isolating the impacts of this
region. To evaluate the ocean’s response in modulating interannual to quasi-decadal variability in Northern
Californian Ars, this study examines experiments conducted by NCAR’s fully coupled CESM version 1.0.
The CESM consists of ocean, atmospheric, land, and sea-ice components with 26 atmospheric levels and
60 vertical levels in the ocean. The ocean and sea-ice components comprise a curvature horizontal grid
with approximately 1° latitude and 3° longitude resolution at the equator but lower at higher latitudes. The
atmosphere and land components have a T31 spectral grid (∼3.75° resolution). Details of the model performance and settings can be found in Shields et al. (2012) and Chikamoto et al. (2015).
We ran a global ocean assimilation (GLOB run) and a historical assimilation comprising 10 ensemble members from initial conditions compiled from 10 random years in pre-industrial control simulations from 1958
to 2014. The historical simulation corresponds to the externally forced component from anthropogenic forcSTUIVENVOLT-ALLEN ET AL.
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ing. In the GLOB run, we prescribed the same radiative forcing as the historical run and assimilate 3-dimensional observed temperature and salinity anomalies into the ocean component of the model while the
atmosphere is free to evolve from ocean forcing. The assimilated observed ocean data originates from the
ECMWF ocean reanalysis product (version 4) from 1958 to 2014 (Balmaseda et al., 2013), which is linearly
interpolated from monthly to daily anomalies and added as forcing into the model’s temperature and salinity tendency equations. To identify the equatorial Pacific’s contribution to AR frequency, we further conduct
a partial ocean assimilation using the same model configurations while assimilating the 3-dimensional
observed salinity and temperature anomalies solely in the equatorial Pacific (10°S–10°N), with a buffering
zone on the northern and southern boundaries of the assimilated domain. By only assimilating the equatorial Pacific Ocean information, namely the eqPAC run, the ocean and atmosphere components of CESM are
free to evolve from equatorial Pacific forcing. Applications of the eqPAC method have been documented in
previous studies (Chikamoto et al., 2016; Chikamoto, Wang, et al., 2020; Johnson et al., 2018, 2020; Purich
et al., 2016).
All model data presented in this study consists of the average from November through the following March.
Anomalies in this study are defined as deviations from the climatological mean for 1981–2010, a range chosen because it was the most recent climate normal at the time of this writing, in reanalysis and the model
run (World Meteorological Organization, 2017). To remove any climate change signal, linear trends are
removed from all data.
2.4. Power Spectra and Bandpass Filtering
To isolate the temporal scales that are important for Northern California ARs, power spectra analysis is used
to show which periods explain the most variance in relevant moisture variables. Each time series is linearly
detrended and normalized before computing the power spectra, which uses Fourier analysis to determine
which frequencies contribute the most variance to the time series. This analysis (Figure 2) shows that the
most prominent peak in the power spectra is 10–17 years for AR frequency, soil moisture, streamflow, and
precipitation. Subsequently, we evaluate the relationship between unfiltered AR frequency and unfiltered
climate variables (SST, 500 hPa GPH and IVT) which includes the total time-series variance and all scales
of variability. To isolate the signal from the quasi-decadal cycle in ARs, we apply a bandpass filter which
removes the variance not contributed by the 7- to 20-year oscillations. This window of time helps remove
the influence of higher frequency ENSO variability (∼4–6 years) along with lower frequency inter-decadal
variability associated with the Interdecadal Pacific Oscillation (D’Arrigo et al., 2005; Mantua et al., 1997).

3. Observational Data Analysis
To help validate the tracking of ARs before the satellite era, correlations between AR frequency, and streamflow, precipitation and soil moisture for the Emerald Triangle are shown in Figure S2. Strong correlations
between these variables and AR frequency indicate that the AR tracking before the satellite-era data provides physically meaningful AR metrics despite the stated shortcomings in NCEP R1. These results are
consistent in both the unfiltered and the 7- to 20-year bandpass filtered data, supporting other studies highlighting pronounced decadal variability for Northern California (George & Ault, 2011; Wang et al., 2009).
The power spectra analysis confirms these quasi-decadal cycles contribute significantly to the total variance of these hydrological variables, with spectral peaks at frequencies from about 10–17 years (Figure 2).
Streamflow also exhibits a significant 4-year cycle although there are no such spectral peaks for the other
hydrological variables (Figure 2). The 2-year spectral peak has been documented in western US hydrology
and is likely related to the Biennial Annular Mode Oscillation (Johnstone, 2011). We focus on the quasi-decadal cycle because it is found in all moisture metrics for the region.
To examine the large-scale climate variability associated with the AR frequency, we made regression maps of
500 hPa geopotential height (Z500), IVT, and SST anomalies with AR frequency. Due to the stated deficiencies in NCEP R1, a comparison is also made with JRA-55 which yields analogous results when compared to
Figure 3 (Figure S4). Two years before peaks of AR frequency, the regressions depict a north-south dipole
of Z500 anomalies in the North Pacific, which resemble the NPO structure (Figure 3a). However, the moisture transport associated with NPO does not yet reach into Northern California (Figure 3b). At 1-year lead
STUIVENVOLT-ALLEN ET AL.
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Figure 2. (Left column) Anomalies of precipitation, atmospheric river (AR) frequency, streamflow, and soil moisture along with the bandpass filtered time
series. (Right column) Power spectra of the respective moisture variables with the 95% confidence interval represented by the power spectra of a first order
Markov process. The gray shaded rectangle highlights the period of interest, the quasi-decadal frequency, from 10 to 17 years.

time, the negative Z500 anomaly is closer to the West Coast of North America (Figure 3d), enhancing the
moisture transport toward Northern California (Figure 3e). The concurring regressions show the persistence of the negative Z500 anomaly in the northeast Pacific, with enhanced IVT over Northern California
(Figures 3g and 3h). Broad areas of tropical Pacific SST anomalies exhibit a significant relationship with AR
frequency at a 1- to 0-year lead time (Figures 3f and 3i), but the main forcing for the quasi-decadal variability of ARs is still unclear. Regressions of observed and unfiltered Z500 and IVT with streamflow (Figure S3)
depict features of the NAWD and the PNA pattern. The El Niño-like pattern in year-1 (Figure 3f) suggests
that Northern California’s hydroclimate variability is coupled with the ENSO transition phase rather than
the peak ENSO phase (Wang et al., 2014).
When we apply a 7- to 20-year bandpass filter to all anomalies, a clear evolution can be found in Z500, IVT,
and SST. Tropical SST cooling at a 6-year lead results in an anti-cyclonic circulation anomaly over the northeast Pacific, inhibiting moisture transport into the region (Figures 4a–4c). Positive SST anomalies in the
west-tropical Pacific appear around the 3-year lead and the extra-tropical atmosphere facilitates more moisture transport to Southern California through the cyclonic circulation anomaly around the latitude band
of 20°–40°N (Figures 4d–4f). The concurrent regressions feature a deepened Aleutian Low (Figure 4g),
enhanced tropical moisture transport (Figure 4h), and a broad area of tropical SST warming. The central
Pacific is the main contributor to the maintenance of decadal variability for much of the Pacific basin (Deser
et al., 2011; Knutson & Manabe, 1998; Yeh & Kirtman, 2005), but our results highlight that peak AR activity
does not occur in tandem with central Pacific warming (Figure 4f). Instead, the ENSO impact on the hydroclimate of Northern California is delayed for about a year after the peak of the event (Figure 4i).
To further isolate climate variability with similar low-frequency oscillations to ARs, we applied power spectra to the teleconnection indices of interest. In the atmosphere, the NPO and the NAWD exhibit a pronounced 10- to 17-year periodicity. The PNA dominates on timescales around 3–4 years and 5–6 years,
STUIVENVOLT-ALLEN ET AL.
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Figure 3. Regression maps of Z500, integrated vapor transport (IVT) and sea surface temperature (SST) anomalies during the wet season at (a–c) -2, (d–f) -1,
and (g–i) 0-year leads with the atmospheric river (AR) frequency for 1948–2020. Black contour lines indicate regions where the correlation between the climate
variables and AR frequency surpass the 95% confidence interval. The dotted black box in panels a, d and g represents the spatial domain of the IVT in panels b,
e and h.

and thus is considered mostly irrelevant for the decadal variability of ARs (Figure 5a). We can also find the
NAWD-like Z500 regression pattern with streamflow (Figure S3), but it is not clear in the regressions with
AR frequency (Figures 3 and 4). The common feature between each teleconnection and the Z500 regression
maps is the Aleutian Low that affects the moisture transport toward Northern California. However, none of
the patterns are accurately depicted in the bandpass filtered data (Figures 4a, 4d and 4g). By modulating the
position and intensity of the Aleutian low, it appears the NPO and NAWD are important for AR frequency
but are not a singular forcing for the quasi-decadal cycle in ARs. It is also possible that the teleconnections
could be simultaneously acting to diminish or enhance certain features.
For the oceanic indices, the NPGO and Niño-4 indices exhibit the most pronounced decadal variability
(Figure 5b) and the filtered regression maps indicate cyclical behavior. We can find the same pattern with
opposite signs of Pacific SST anomalies at 6- and 0-year lead times (Figures 4c and 4i). Consistent with this
temporal evolution of SST anomalies, Z500 anomalies also demonstrate the same pattern with opposite
signs at 6- and 0-year lead times (Figures 4a and 4g). The SST regressions depict an NPGO-like pattern
STUIVENVOLT-ALLEN ET AL.

7 of 15

Journal of Geophysical Research: Atmospheres

10.1029/2020JD034196

Figure 4. Regression maps of bandpass filtered Z500, IVT, and SST anomalies during the wet season at (a–c) -6, (d–f) -3, and (g–i) 0-year leads with bandpass
filtered atmospheric river (AR) frequency for 1948–2020. The dotted rectangle in Figures 4a, 4d and 4g show the domain of Figures 4b, 4e and 4h. The
significance testing has been adjusted to account for the reduction in degrees of freedom due to bandpass filtering (72 years of data with a 7-year frequency
filter ∼8 degrees of freedom). Black and gray contour lines indicate regions where the correlation between the climate variables and AR frequency surpass the
95% and 90% confidence interval respectively.

3 years before peak AR frequency with significant SST anomalies in the equatorial Pacific through 6-, 3-,
and 0-year leads. However, the decadal variability of the NPGO (an extra-tropical mode) is tied to central
Pacific warming and low-frequency ENSO variability in the tropics (Di Lorenzo et al., 2010, 2015). This indicates the relationship between ARs and the NPGO is largely stimulated by the tropical Pacific.
Observational analysis to this point has shown that the extratropical atmosphere and tropical ocean exhibit
an oscillatory behavior on a quasi-decadal scale that is important for IVT transport and Z500 circulation
anomalies for Northern California. However, we have not yet isolated the main contributor of quasi-decadal
variability. To summarize the series of events linking the ocean to AR frequency, Figure 6 shows the bandpass filtered teleconnection indices as well as their cross correlation with AR frequency. The NAWD shows
the strongest concurrent relationship with AR activity between the atmospheric indices–with a negative
relationship sensibly indicating that more ARs occur in Northern California during wet seasons with anomalous low-pressure over western North America. The decadal variability of the NPO is slightly out of phase
with AR frequency, with the autocorrelation showing the strongest positive relationship 2 years before peak
STUIVENVOLT-ALLEN ET AL.
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Figure 5. Power spectra of (a) atmospheric and (b) oceanic indices. Atmospheric indices include the Pacific North American (PNA, red), the North American
Winter Dipole (NAWD, orange), and the North Pacific Oscillation (NPO, gray) whereas oceanic indices correspond to North Pacific Gyre Oscillation (NPGO,
red), Pacific Decadal Oscillation (PDO, dark blue), Niño 1 + 2 (light blue), and Niño 4 (blue) in the 5-month mean from November to the following March. The
gray shaded rectangle highlights the period of interest, the quasi-decadal frequency, from 10 to 17 years.

Figure 6. (a) Bandpass filtered atmospheric indices with the bandpass filtered atmospheric river (AR) frequency time series. (b) Cross-correlation between the
unfiltered atmospheric indices and the AR frequency timeseries at lead and lag times. (c) Cross-correlation of the bandpass filtered atmospheric indices and AR
frequency. The colors in panels b and c match the legend in panel a. (d) Bandpass filtered ocean indices with the bandpass filtered AR frequency time series. (e)
Cross-correlation with unfiltered and (f) bandpass filtered ocean indices with AR frequency. The colors in panels e and f match the legend in panels d. The 90%
and 95% significance thresholds are represented by the gray and black lines in panels b, c, e, and f—with the threshold changing to match the changing degrees
of freedom in comparing the lead/lag relationships.
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AR activity. The stronger relationship between the NPO and AR frequency in the unfiltered cross correlation shows that NPO variability is more important for ARs on shorter time scales (also supported in the
difference between Figures 3 and 4 regressions at half-phase lead). The PNA shows no leading relationship
with ARs and lacks a notable cycle in the autocorrelation, confirming it is not the major forcing. The ocean
indices show the same features present in the SST regression maps (Figure 4) with onset central Pacific
warming or a positive Niño 4 index leading peak AR frequency by 2–3 years. In line with other literature,
the peak NPGO follows central Pacific warming and is a response to the NPO, but these coupled modes of
atmospheric and ocean variability exist 1–2 years before peak AR frequency (Di Lorenzo et al., 2010). Additionally, the NAWD has been linked to central Pacific ENSO events at one year lead through anomalous
heating of the western north Pacific (Fosu et al., 2020; Wang et al., 2014). These features are detailed in
Figure 2 and supported by the cross correlations in Figure 4. Finally, the eastern Pacific warming shown by
the Niño 1 + 2 index has a strong and in-phase relationship with AR frequency.

4. Tropical Pacific Modulation of ARs
Section 3 showed that both ocean (Niño 1 + 2 and 4, and the NPGO) and atmospheric variability (the NPO
and the NAWD) are significantly related to the quasi-decadal cycle of AR frequency. However, the use of observations makes it difficult to isolate the atmospheric and oceanic forcings. Using the eqPAC of the CESM
allows us to better evaluate the cause-and-effect response of AR frequency or extra-tropical atmospheric circulation to the tropical Pacific Ocean alone. To test the importance of the tropical Pacific for quasi-decadal
variability in ARs, we created leading regressions of Z500 and SST in the model experiments (i.e., the eqPAC
run) with AR frequency. In this model experiment, the simulated atmospheric pattern is the atmospheric
response to the equatorial Pacific forcing alone.
To evaluate the model’s ability to capture Z500 fields important for AR frequency and support the analysis in NCEP R1, Figure 7 shows a comparison of NCEP R1 Z500 with JRA-55 and the eqPAC Z500 when
regressed with AR frequency. In the unfiltered data, the model does not capture the observed extratropical circulation at a 2-year lead. The observations show a clearly defined positive NPO-like pattern, with
high-pressure in the central north Pacific around 60°N, and a low-pressure band around 30°N. Other research has shown that the stochastic NPO can force ENSO formation through the seasonal footprinting
mechanism, driven by surface heat flux in the north Pacific (Alexander et al., 2010; Anderson, 2003; Vimont
et al., 2001, 2003). As an SST assimilated model with the atmosphere free to evolve, stochastic extratropical
circulation features like the NPO are not well captured by the model and not represented in the regression
maps. This is one plausible explanation for why the 1-year leading regression for the eqPAC run shows a less
robust tropical response than the observed data, because the stated extratropical forcing for ENSO would
be underrepresented.
Importantly, the 1-year lead and concurrent regressions show that the eqPAC and GLOB runs capture similar circulation features to observations. While the exact orientation and position of high- and low-pressure
systems are shifted north by the model, the eqPAC run shows significant modulation of the Aleutian Low by
the tropical Pacific (Figure 7). The noted differences between the model and reanalysis Z500 are either from
model deficiencies in simulating the extratropical atmosphere or from the inability of the model to capture
other forcings important for AR circulation features. The eqPAC also adequately captures the IVT features
associated with the Niño 1 + 2 index, though the magnitude of IVT anomalies in the eqPAC is diminished
compared to reanalysis (Figure S5). A higher resolution model would likely improve the fidelity of moisture
transport and better resolve transient moisture transport (Zhao, 2020). The noted differences between the
model and observations are either from model deficiencies in simulating the extratropical atmosphere or
from the inability of the eqPAC to simulate other forcings important for extratropical circulation features.
The SST and Z500 regressions from the eqPAC show similar cyclical features to observations, with the most
prominent differences noted at the 6-year lead (Figure 8). Generally, the Z500 pattern is shifted to the north
when compared to observational Z500. The deepened Aleutian Low with the adjacent subtropical high is
still replicated in the regression patterns from the model—generally mirroring the observed relationship
(Figures 4d and 4g). The Z500 patterns at the 3-year lead feature an elongated trough in the north Pacific
that stretches through North America. The IVT anomalies show that this period is accompanied with below
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Figure 7. Lead/lag regressions of atmospheric river (AR) frequency with NCEP R1 Z500 (left column). Japanese Meteorological Agency’s reanalysis (JRA55, center column) and the eqPAC z500 (right column). Black and gray contour lines indicate regions where the correlation between Z500 and AR frequency
surpass the 95% and 90% confidence interval respectively. The contour levels for the Community Earth System Model (CESM) are half the magnitude of the
reanalysis data.

average moisture transport from the tropics (Figure 8e). At 0-year lead, the low pressure in the north Pacific
shifts east over the west coast of North America and is accompanied with enhanced IVT anomalies from
the tropics (Figures 8g and 8h). The southwest-to-northeast orientation of the frontal zone in the Z500
field in observations at a 0-year lead (Figure 7) is not matched in the eqPAC. Additionally, the SST fields do
not show the NPGO-like branch of positive SST anomalies spreading from the central Pacific to the North
American coast for the concurrent regression. This suggests that these features are driven by factors other
than the tropical Pacific or they might be a response to the meridional pressure dipole noted in the Z500
regressions with observations.
The eqPAC results show that tropical SST and salinity alone have substantial impacts on north Pacific extra-tropical circulation. Without the impact of the extra-tropical atmosphere, central Pacific warming one
STUIVENVOLT-ALLEN ET AL.
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Figure 8. Regression maps of bandpass filtered Z500, integrated vapor transport (IVT), and sea surface temperature (SST) anomalies in the eqPAC during the
wet season at (a–c) -6, (d–f) -3, and (g–i) 0-year leads with bandpass filtered atmospheric river (AR) frequency for 1960–2020. The dotted rectangle in panels a,
d, and g show the domain of panels b, e, and h. Black and gray contour lines indicate regions where the correlation between Z500 and AR frequency surpass the
95% and 90% confidence interval respectively for 7 degrees of freedom.

year prior to peak AR frequency and eastern Pacific ENSO result in a deepened Aleutian Low with a frontal
boundary centered over Northern California (Figure 8). However, the IVT regressions result in features that
match the observed circulation but lack the magnitude of the observed IVT and statistical significance. A
more accurate simulation for extratropical moisture transport may be achieved with higher model resolution, the assimilation of extratropical SST and the inclusion of SST forcing from the North Pacific and the
Atlantic (Chikamoto, Johnson, et al., 2020; Chikamoto, Wang, et al., 2020; Johnson et al., 2020; Zhao, 2020).

5. Conclusions and Discussion
By analyzing seven decades of wet-season AR frequency for Northern California, we show that AR frequency follows a pronounced quasi-decadal cycle with the region’s surface and atmospheric moisture variables
largely driven by tropical Pacific SST and salinity variability. Observational analysis highlights three important features for AR frequency on quasi-decadal scales:
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1. A
 warming of the Central Pacific that accentuates the Aleutian Low 2–3 years before the peak of quasi-decadal AR frequency
2. A transition from central Pacific warming to eastern Pacific-type ENSO, and the associated eastward
shift of the Aleutian Low to a position which facilitates positive IVT anomalies over Northern California
3. A consistent oscillation of the Aleutian Low over 10- to 17-year periods in tandem with the tropical Pacific warming/cooling, modulating AR frequency and wet-season moisture transport.
As the eqPAC run generally captures the extra-tropical response associated with enhanced ARs, we conclude that decadal variability in the tropical Pacific is essential for the frequency of Northern California
ARs. However, the CESM-based eqPAC simulations at 3.75° resolution has differences in the Z500 field
when compared with observations (Figure 6). The most notable differences are a northward shift in Z500
pressure anomalies and the mildly different orientation in the eqPAC (resulting in a more horizontally
oriented frontal zone in the model). There are likely other extratropical factors not considered in this study
that are important for the exact orientation and position of the Aleutian Low on the quasi-decadal timescale–potentially explained by internal variability or Arctic climate variability (Chen & Zhai, 2011; Overland
et al., 1999).
Interannual climate variability impacts AR characteristics (Guan et al., 2013; Patricola et al., 2020; Ralph
et al., 2013) and surface water availability (Jones, 2000; Mo & Higgins, 1998), but the quasi-decadal cycle
of ARs (Figures 1b and 1d) is also a fundamental hydrological component for Northern California that
has been shown to limit reliable water access for some users (Dettinger, 2016; Morgan et al., 2020). While
data limitations do exist and research should continue evaluating low-frequency variability as data records
expand, our study supports earlier findings that analysis of low-frequency AR variability is possible with
mid-century reanalysis (Gershunov et al., 2017). In a region which has diverse temperature and precipitation responses to ENSO (O’Brien et al., 2019; Patricola et al., 2020), information facilitating climate prediction tools are lacking. Additionally, Northern California has an inherently difficult-to-predict AR-driven
precipitation regime (Baggett et al., 2017), but tropical Pacific SST anomalies, specifically central Pacific
warming, can serve as precursor patterns for improved decadal prediction of wet-season AR frequency and
thus help inform water resource management decisions.

Data Availability Statement
The NCEP reanalysis data used in this study (Kalnay et al., 1996) is publicly available at https://psl.noaa.
gov/ while the JRA-55 data are available at https://rda.ucar.edu/. The partial ocean assimilation CESM data
used is being placed in an online repository along with the time series of atmospheric rivers for Northern
California (https://climate.usu.edu/people/yoshi/res.html).
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